Environmental Earth Sciences (2024) 83:36
https://doi.org/10.1007/512665-023-11318-y

ORIGINAL ARTICLE q

Check for
updates

DEM spatial resolution sensitivity in the calculation of the RUSLE
LS-Factor and its implications in the estimation of soil erosion rates
in Ecuadorian basins

Daniel Delgado’? - Mahrez Sadaoui' - Wolfgang Ludwig' - Williams Méndez*3

Received: 10 March 2023 / Accepted: 22 November 2023 / Published online: 27 December 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

The length and steepness of the slope (LS-Factor) describe the role that topography plays in the hazard of soil erosion and
constitutes one of the five factors that allow the determination of soil loss using the Revised Universal Soil Loss Equation
(RUSLE) mathematical model. This factor is calculated using Digital Elevation Models (DEM); however, its spatial scale
may affect the quality of its estimation. The objective of the present investigation was to analyze the sensitivity of the DEM
spatial resolution in the calculation of RUSLE LS-Factor and to determine its implications in the estimation of soil erosion
rates in Ecuadorian basins. The methodology considered the delimitation of the hydrographic basins and the evaluation of
data from SRTM, HydroSHEDS and ALOS PALSAR as providers of DEMs databases through the implementation of two
statistical methods. The delimitation of the basins was obtained from the regional literature and the DEMs databases from
web servers. Comparisons of the results at the national scale and at the basin scale were established using the original spa-
tial scales and a common scaling of 1 and 4 km. The results will make it possible to determine the most appropriate spatial
scale of DEM database to determine soil erosion rates considering the particular conditions of the study area, applying the

RUSLE model.
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Introduction

Soil loss is one of the main environmental problems that
threatens all terrestrial ecosystems and its negative effects
are increasingly worrying due to climate change (Montan-
arella et al. 2015; Borrelli et al. 2017). Global annual soil
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loss is estimated at 75 billion tons, generating an approxi-
mate cost of 400 billion dollars (USD) annually, with rates
of around 16 t/ha/year in the United States, out of 10 to
20 t/ha/year in Europe and between 20 and 40 t/ha/year in
Asia, Africa, and South America (Melkam 2003), which
makes this problem a great threat to global agricultural
production (Li et al. 2022). Despite this problem, South
America is the region of the world with the fewest number
of studies related to soil loss, with only 123 case-studies,
considering the 976 applied in Asia or the 929 applied
in Europe (Borrelli et al. 2021). In Ecuador, significant
efforts have been made to estimate soil erosion due to
rainfall. Research at localities on the coast (Pacheco et al.
2019; Mendoza et al. 2023; Parraga et al. 2023; Véliz et al.
2023), Andes (Harden 1988, 2001; De Noni et al. 2000;
Molina et al. 2007; Vanacker et al. 2007, 2022; Ochoa-
Cueva et al. 2015), or at national scale (Delgado et al.
2021, 2022, 2023) have determined erosion rates or pro-
vided important inputs for their estimation. However, these
investigations have not been sufficient to cover the entire
national problem. This generates a lack of understanding
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of the real consequences that this phenomenon can cause
in terms of ecological imbalance, loss of habitat, interrup-
tion of life cycles, and reduction of natural traps for CO,
capture, among others.

Soil erosion analysis involves many factors, such as cli-
matic and human-induced, as well as topographical factors
(Panagos et al. 2021) and topsoil characteristics (physical
and chemical properties that determine its erodibility, Del-
gado et al. 2023). The length factor (L) and the slope factor
(S) are dimensionless topographic factors, with values equal
to or greater than 0, which are analyzed together and repre-
sented with the LS symbology, determining higher erosion
rates when their values are higher (Senanayake et al. 2022).

RUSLE model is one of the main tools to determine
the characteristics of soil erosion worldwide, with results
validated in numerous investigations (Renard et al. 1991;
Thomas et al. 2018; Batista et al. 2019). The RUSLE factors
include: (1) R-Factor (rainfall erosivity, main generator of
soil water erosion; Delgado et al. 2022); (2) K-Factor (soil
erodibility); 3, (4) LS-Factor (topographic factor that com-
bines the length and inclination of the slope); (5) C-Factor
(land use and cover); and (6) P-Factor (soil conservation
practices).

The use of data from remote sensors and geographic
information systems allows the determination of complex
terrain characteristics that are even inaccessible in the area
and have proven to be suitable for the RUSLE model (Elna-
shar et al. 2021). For the use of these geomatics tools applied
to geospatial analysis, a good digital cartography is required,
whose most useful raster format is represented by DEM.
These are a quantitative representation of the land surface,
and provides information about the terrain, allowing attrib-
utes, such as slope, area and drainage network, curvature,
among others parameters (Mukherjee et al. 2014).

In this way, to calculate the LS-Factor, it is enough to
apply models that use satellite raster information. However,
the DEM spatial resolution to be used will play a fundamen-
tal role in the quality of the estimation of the results of these
factors (Panagos et al. 2015). Molnar and Julien (1998) con-
cluded that the grid size mainly affects the S-Factor, since
the slope becomes smoother as the cell resolution decreases.

The main objective of the present investigation was to
analyze the sensitivity of the DEM spatial resolution in the
calculation of the RUSLE LS-Factor and to determine its
implications in the estimation of soil erosion rates in the
Ecuadorian basins, both for the basins that drain to the
Pacific (Ecuadorian Coastal Basins—ECB) and those that
drain to the Amazon (Amazon Tributaries Basins—ATB).

The results of this research will improve the estimates
of erosion rates in the Ecuadorian basins using the RUSLE
model, obtaining better planning to determine priority areas
of attention that require particular soil management plans
and conservation measures to cushion or slow soil erosion
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by rainfall through the analysis of the LS-Factor, a method-
ology that can be applied in other sectors worldwide.

Study area

The study area includes the continental territory of Ecuador,
in South America, located within latitudes 5.04°S—1.48°N
and longitudes 81.03°W-75.16°W. It limits to the North
with Colombia, to the South and to the East with Peru, and
to the West with the Pacific Ocean.

The Ecuadorian territory was classified into 32 basins
according to the procedure carried out in the investigation by
Delgado et al., (2021), of which 24 are located to the West
and are called ECBs, because they discharge into the Pacific
Ocean, while the remaining 8, located to the East, are called
ATBs and discharge into the Amazon (Fig. 1). Within the
ECBs, three basins stand out which, despite continuing to
discharge into the Pacific Ocean, do so outside the national
territory (Id 1 to Colombia; Id 23 and 24 to Peru in Fig. 1).

The condition for the distribution of the basins was
through their extension, choosing those with areas greater
than 500 km?, which covers more than 227,000 km? and
represents almost 80% of the continental national terri-
tory. In general, both groups of basins have very different
and irregular characteristics, where the ATBs stand out for
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their greater extension and greater presence of precipita-
tions (Delgado et al. 2022).

Methodology
DEM HydroSHEDS

HydroSHEDS is a database containing raster and vector
layers that describe the topography, drainage networks,
and watersheds of the Earth's surface at a spatial scale of
30 arc-sec (=1 km) (Lehner et al. 2008). The primary data
source used in the development of HydroSHEDS was the
SRTM digital elevation model at a resolution of 3 arc-
seconds (~ 90 m at the equator, with some custom-modifi-
cations, as the filling of sinks that would have an effect on
the smoothing of slopes), which is supported by auxiliary
sources, including SRTM water body information (http://
edc.usgs.gov/products/elevation/swbdguide.doc), river
data from the Digital Chart of the World (DCW) (ESRI,
1992; ESRI, 1993), and the Global Lakes and Wetlands
Database (EROS 2017).

We proceeded to download the DEM for the entire
Ecuadorian territory and later adapt it to the study area,
homogenize the projection (WGS84-UTM zone 17S) and
spatial resolution (1 km) using Software R. The DEM was
also converted to a spatial resolution of 4 km to compare
the results shown by Delgado et al., (2021) with the other
DEM databases and determine the incidence of a coarser
scaling in the LS-Factor values.

DEM shuttle radar topographic mission (SRTM)

SRTM is an international project of the National Aero-
nautics and Space Administration (NASA) and the
National Geospatial-Intelligence Agency (NGA) to acquire
radar data that was used to generate maps of near global
elevations.

To cover the entire Ecuadorian territory, 34 mosaics of
~110 km? of area (not correspond to the pixel size) were
downloaded from the SRTM 1 Arc-Second Global data-
base (EROS, 2017) using the QGIS SRTM-Downloader
plugins. SRTM provides near-complete world data cover-
age at an initial spatial resolution of 1 arc-sec (=30 m).
Subsequently, using R Software, the study area was cut
out, and the projection (WGS84-UTM zone 17S) and spa-
tial resolution (30 m) were homogenized. The DEM was
also modified to a spatial resolution of 1 km and 4 km
to compare the changes generated by the scaling process
with the other DEM databases considered in the present
investigation.

DEM ALOS PALSAR

ALOS Phased Array type L-band Synthetic Aperture Radar
(ALOS PALSAR) is a space mission carried out from 2006
to 2011, which obtained detailed observations of the earth's
surface day and night in all weather conditions. The values
obtained by PALSAR contain two fine beam modes: single
polarization (FBS) and dual polarization (FBD). These two
modes provide information with very fine spatial resolutions,
starting from 10 m (FBS) to 20 m (FDB). However, the pro-
gram does not allow generating DEMs of the entire earth's
surface. In Ecuador, these restrictions are also present, so
the database will be applied to evaluate only one study basin
(ECB Portoviejo, ID 9 in Fig. 1) and compare it with the
results obtained from the two previous DEMs databases,
without being able to consider the entire Ecuadorian terri-
tory. For this, the projection (WGS84-UTM zone 17S) and
spatial resolution (12.5 m) were homogenized. DEM was
also modified to a spatial resolution of 4 km to compare
the changes generated by the scaling process with the other
DEMs databases considered in the present investigation.

Slope length (L) and slope steepness (S) factor
calculation (LS-Factor)

L-Factor calculation

The L-Factor was calculated using the model proposed by
Desmet & Govers (1996) (Egs. 1, 2 and 3):

51(m+1) (m+1)
[y + D2 - AL M
X D223

(i)

where A, ;: contributing area at the inlet of grid cell with
coordinates (i,/) measured in m?, D: grid cell size (m), X; ;:
(sin o i,j +cos ai,j) the aspect direction of the grid cell with
coordinates (i,j) (being a pixel the value is x=1). a i,j: aspect
direction for the grid cell with coordinates (i,j). m: related to
the ratio f§ of the rill to interrill erosion:

_ B
m= 15 5 @)
where
s5in6/0.0896
3

 3(sind)"8 +0.56

B =slope direction.

0 =slope at the pixel level.

To calculate the L-Factor, it is necessary to apply a flow
direction algorithm. Grass GIS software Watershed algo-
rithm was used for each of the DEMs databases, estimating
the geometry of the surface network that simulates runoff,
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allowing obtaining flow accumulation raster, drainage direc-
tion, river location, and basins (Delgado et al. 2021). Pre-
viously, DEMs files were fixed using Fill sink option from
SAGA group in QGIS.

S-Factor calculation

The calculation of the S-Factor was carried out using the
RUSLE approach of Renard et al., (1996) based on McCool
et al., (1987). This methodology considers different equations
for two ranges of slopes. S, are slopes less than 5.1° (tan
0<0.09 rad) and Sy, are slopes equal to or greater than 5.1°
(tan 6>0.09 rad). 0 is the slope in degrees (Egs. 4 and 5):

slow

Syt = 10.85in0 +0.03 @)

S

steep

= 16.8sin6 — 0.5. (5)

The slope rasters were generated from the DEMs of each
database, using the "slope" tool of the QGIS software.

LS-Factor calculation

Once the L-Factor and S-Factor rasters have been obtained
separately, Eq. 6 was used using the R software:

LS=LxS, (6)

where: LS: slope length (L) and slope steepness (S) factor.
L: slope length factor (L-Factor). S: slope steepness factor
(S-Factor).

For LS-Factor calculations with different scales from the
original, we initially proceeded to scale the original DEMs to
the spatial resolution to be worked on (1 km or 4 km, depend-
ing on the database) and then apply the corresponding equa-
tions (Egs. 1, 2, 3, 4, 5 and 6).

Evaluation of DEMs databases

After LS-Factor calculating through different DEMs databases
that had nationwide extension, two standard comparison met-
rics were used to evaluate their conditions from a statistical
approach: Pearson Correlation Coefficient (PCC, Eq. 7) and
Root Mean Square Error (RMSE, Eq. 8):

cov(LS — Factor’®™ LS — FaCZOrH-VdeHEDS)

PCC =
\/ var(LS — Factor™*™) \/ var(LS — Factor™SHEDS)
@)
n
1 . ) 2
RMSE = N (YZSRTM - YlHydroSHEDS) 8)

i=1
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where LS-Factor>®™ and LS-Factor™Y4SHEDS are the results
obtained from the LS-Factor from these databases; n is the
number of data sets and Yi are the LS-Factor values for each
method. Equation 7 made it possible to determine the level
of linear agreement between both satellite databases, while
Eq. 8 evaluated the typical magnitude of the error product of
the satellite data and the possibility of outliers.

Results and discussion

Influence of DEMs spatial resolution in LS-Factor
at national scale

Through the L-Factor HydroSHEDS analysis, higher val-
ues were identified at the 4 km scale (between 1 and 28.08,
Fig. 2a) in relation to their original scale (between 1 and
15.12, Fig. 2b), but their spatial distribution maintained
the same trend. When observing the L-Factor RSTM at its
original (Fig. 2e) and modified (Fig. 2f) scale, no clear trend
is observed between its spatial distributions. Using a finer
scale, each pixel showed different L-Factor values, despite
sharing the same area; while, at a coarser scale, zonal val-
ues were more homogeneous. With a resolution of 30 m
(Fig. 2e) wider ranges of values were recorded, between 1
and 3000, but the data cloud was consolidated between 1 and
12 (indicating that higher values existed, but their frequency
was relatively low), highlighting an average value of 3. With
a resolution of 4 km (Fig. 2f), both the numerical ranges and
spatial distribution were similar to L-Factor HydroSHEDS at
its same resolution (Fig. 2b) (between 1 and 29.05), includ-
ing their mean values (5.88 for HydroSHEDS and 6.23 for
SRTM).

When analyzing S-Factor HydroSHEDS (Fig. 2c¢ and
2d) and SRTM (Fig. 2g, h), highest values were recorded
in highest areas, according to slopes distribution. In coarser
scales (1 km and 4 km), highest values are in Andes Moun-
tains. At a finer scale (30 m), S-Factor was distributed with
greater detail and precision, highlighting the appearance
of high values in ECBs sectors close to Pacific Ocean and
that fit with the existence of small mountain that develop
along the Ecuadorian coast, such as Mache-Chindul, Jama,
Chongon-Colonche, Balzar, Convento and Cojimies (Reyes
2013). In S-Factor, coarser resolutions generated lower val-
ues (unlike Factor-L). HydroSHEDS values ranged from
0.93 to 8.22 for 1 km and from 0.03 to 3.65 for 4 km, while
for SRTM values between 0.06 and 16.30 were recorded in
30 m and between 0.03 and 3.91 for 4 km.

L-factor values increased with increasing spatial scale
(coarser resolution). Therefore, a DEM scaled to a coarser
resolution generalizes the pixel irregularities resulting from
the interpolation process, simulating larger sinks that allow
for greater flow accumulation. On the contrary, a better
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Fig.2 L-Factor and S-Factor results for HydroSHEDS (a, b, ¢ and d) and SRTM (e, f, g and h) databases. Spatial resolution details are seen to

the left of each row

original DEM resolution characterizes the irregularities and
reliefs of the terrain with greater precision, obtaining a much
more real flow accumulation.

In contrast, in S-Factor, increase in spatial resolution
caused a considerable decrease in its values. On this occa-
sion, the scaling process caused a loss of terrain elevation
details, underestimating the large height differences that
occur spatially in Andes Mountains and its surroundings,
homogenizing their values. Therefore, the scaling process at
coarser resolutions masks the real terrain situation, obtaining
more spatially biased values in sectors with steepest slope.

Through Fig. 3 it can be identified that both L-Factor
and S-Factor had special characteristics that impact on the
LS-Factor (addressed in the analysis of Fig. 2). In general,
areas with steeper slopes registered highest LS-Factor val-
ues, which shows that the gradient of the slope is the factor
with the greatest influence on their results.

The scaling process generated that both factors had
greater modifications in the highest slopes. A finer resolution
allows for better results from LS-Factor. On the contrary, a
coarse resolution showed generalized results that may lead
to inadequate estimates of soil loss by applying the RUSLE
model. Figures 3c, d show in better detail the incidence of
DEMs scaling. Only in Andes Mountains the LS-Factor
values were higher for the modified resolution of 4 km in
relation to the original scale of 30 m, due to the increase that
this processing generates in L-Factor. Therefore, an increase

in original scale generates more smoothed values of the LS-
Factor at national scale.

LS Factor at a spatial resolution of 1 km (Fig. 3a) pre-
sented values between 0.03 and 124, and a mean value of
8.35, while at a spatial scale of 30 m (Fig. 3c) it showed
consolidated values between 0.03 and 200, although iso-
lated values over 5000 were recorded. However, their aver-
age value was less than 6.

LS-Factors analysis obtained from DEMs scaled to 4 km
(Fig. 3b, d) presented very close results (between 0.03 and
103 for HydroSHEDS and between 0.03 and 113 for SRTM,
both with a mean value close to 6).

Influence of DEMs spatial resolution in LS-Factor
at basin scale

This section analyzes the effects of DEM spatial resolution
of 3 different databases on the estimation of LS-Factor at
a basin scale. Figure 4 allows for a more detailed analysis
(ECB Portoviejo, ID 9) of the influence of spatial scale on
LS-Factor. On this occasion, spatial resolution of 12.5 m of
ALOS PALSAR (Fig. 4e) was added. Resolutions of 30 m
(Fig. 4c) and 12.5 m (Fig. 4e) allow to correctly identify
the drainage networks, which correspond very well to their
topography, unlike the resolution of 1 km (Fig. 4a) that pre-
sents a much poorer detail, limiting the identification of rel-
evant parameters of study area. At this level, very particular
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observations stand out. It would be expected that the finer
resolution (12.5 m) would better estimate LS-Factor results,
but this was not the case. This resolution had its limitations.
When comparing areas close to the channel of the basin, it
was observed that their widths could not be correctly esti-
mated, because it estimates the channel networks as a line,
this width being equal to the cell size (12.5 m), diluting even
with the nearby areas (especially in the smaller branches).
When working with DEMs scaled to 4 km, it was
observed that their original resolutions also influence the
LS-Factor results, which could not be identified in the gen-
eral scale of Fig. 3. Figure 4b, which was obtained from

@ Springer

scaling to an original resolution of 1 km, showed results
limited to a single range (less than or equal to 2). When
comparing Fig. 4b with Fig. 4d, e, it might be thought
that the appearance of a few new pixels with another
range of values may not be relevant, but if it is observed
that these differences are being plotted only in a basin
of 1905 m?, it could be expected that in the total study
area at the national scale (approximately 230,000 km?),
changes would be more considerable (although the mean
values remain similar, a finer original resolution scaled to
a higher spatial resolution may yield better estimates of
soil loss using the RUSLE model).
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Therefore, after the modification of the original resolu-
tions of the DEM to a resolution of 4 km, ALOS PALSAR
saved more information than its original resolution, although
it was barely superior to SRTM (a finer scaled DEM will
save more features when scaled to a coarser resolution).
Nevertheless, knowing that ALOS PALSAR database pre-
sents limitations when calculating the LS-Factor and that the
available information also does not cover the entire Ecuado-
rian territory, database that behaves best for calculating the
LS-Factor is SRTM.

In Fig. 5, ECB Portoviejo (ID 9) and ATB Morona (ID
27) are analyzed at a spatial scale of 1 km, without consider-
ing ALOS PALSAR database (it does not cover part of ATB
Morona). For ECB Portoviejo (Fig. 5a, b), it can be observed
that the results of LS-Factor using SRTM scaled to 1 km
maintains more information from its original DEM and the
results are more detailed. For this basin, LS-Factor values
ranged between 0.03 and 18.53 for HydroSHEDS, while for
SRTM they ranged between 0.03 and 29.38. ATB Morona
(Fig. 5c, d), which has very different characteristics from
ECB Portoviejo, highlighting the presence of steeper slopes,

also presents differences in the pixels distribution when LS-
Factor is calculated with HydroSHEDS and SRTM to 1 km,
demonstrating again that the original scaling of SRTM main-
tains more information in relation to HydroSHEDS (data
range varied between 0.03 and 59.58 for HydroSHEDS and;
between 0.03 and 67.43 for SRTM). This makes it possible
to identify that it is advisable to use a DEMs database with
finer original scales and modify its dimensions to a coarser
scale to improve the quality of the results.

Statistical comparison of DEMs databases
considering LS-Factor values

LS-Factor analysis will be carried out at basin and pixel
level, for resolutions of 1 and 4 km, using HydroSHEDS
and SRTM databases (Fig. 6). At pixel level (Fig. 6a, c)
better statistical approximations are obtained with resolu-
tions modified on a larger scale (4 km in Fig. 6a; R*=0.90
and RMSE =4.32). This shows that, at a higher scale,
the loss of detail in relation to finer resolutions is much
greater. Both databases scaled to 4 km store very little
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information from their original DEMs, which generates a
very similar LS-Factor distribution between both, obtain-
ing acceptable correlations and squared errors. However,
when matching SRTM database with that of HydroSHEDS
at 1 km (Fig. 6¢) even though there are still good sta-
tistical approximations (R>=0.84 and RMSE = 6.86),
results are clearly lower than those obtained with a larger
scaling modification. This is because, as noted in previ-
ous sections, a finer original resolution will store more
information when scaled to a coarser resolution, allowing
SRTM results to be clearly better than those generated
by HydroSHEDS. showing more visible changes in their

@ Springer

spatial distribution, thus generating a decrease in their sta-
tistical values at the time of comparison.

At basin level (Fig. 6b, d), statistical comparison is
clearly less reliable, because it generates average values
with less approximation (averages of large areas), moving
away from a more precise and detailed analysis. Through
this approach, both spatial scales registered a value of
R*>=0.99, but through the RMSE it was possible to identify
that the 4 km scale presented slightly more favorable statisti-
cal results (1.47 with reference to the 1.92 obtained with the
scale of 1 km), obtaining conclusions like those described
at the pixel scale.
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Fig.6 Scatterplot colored by density comparing LS-Factor val-
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These results demonstrate that the original spatial scale
used to perform the LS-Factor calculations has a strong
impact on the range of results, and especially affects the
“slopes” component (at a finer scale, the slopes ranged from
0° and 88.89°, while at a coarser scale the slopes ranged
from 0° to 15.2°).

Alternative LS-Factor scaling process according
to world literature

As it has been demonstrated in the previous sections, modi-
fying the raster scale starting from a fine original database,
allows to keep a greater amount of detail. Therefore, it is
necessary to modify the resolution of each of the parameters
that make up the LS-Factor before its calculation process
(homogenize raster). However, there are procedures that
apply different methodologies. Borelli et al. (2017), carry out
a novel procedure in which, using the Desmet and Govers
(1996) algorithm available in the SAGA module (present in
QGIS and ArcGIS), they obtain the LS-Factor of an original
scale of the SRTM DEM at 90 m. Subsequently, Borrelli
et al. (2017) directly apply a scaling process to the LS-Factor
obtained, to bring it to their analysis scale (250 m).

By analyzing Fig. 7 it can be seen that the difference
between the combination of methodologies is evident.
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Factor values at 1 km (b) and 4 km (d) spatial resolution for SRTM
and HydroSHEDS. Black line is the identity line (1:1 line)

Comparing the results of Fig. 7a with Fig. 7c, it can be seen
that the results obtained underestimate the low values (gen-
eralize them) but better represent the high values (shown
especially near the Andes Mountains). On the contrary, if
the results of Fig. 7b are compared with Fig. 7c, it is evident
that the low values are better represented by this procedure
(calculation of the LS-Factor at original scale and subse-
quent scaling of the results to 4 km) but high results are
underestimated (generalizes them). By analyzing Fig. 7d,
the differences in the maximum values obtained from the
results of each methodological process can be observed.
Despite the fact that the Desmet & Govers (4 km) meth-
odology allowed storing maximum values of 65 (consider-
ing that the maximum values obtained at the original scale
of 90 m were greater than 350), the data median is much
lower than the original scale (90 m) and the projected scale
(90 m—4 km), which shows that the low results (which were
underestimated) have a higher concentration in the Ecuado-
rian basins. On the other hand, the Demet & Govers proce-
dure (90 m—4 km) maintains a data median very similar to
that presented by the original scale, despite the fact that the
maximum peaks are less than 26.

It is important to mention that, although it is true, the
application of a scaling process to the elements that allow
obtaining the LS-Factor before the calculation process is

@ Springer



36 Page100f12

Environmental Earth Sciences (2024) 83:36

76:’W

76I°W

2°S
L

4°s
'

1-3 [715-20
3-5 [120-25
79 5-10 mm >25

T
SoC

LS (Desmet & Gover,
1996 -from 90 to 4km-)
<=1 ®m10-15 r
1-3 [£115-20
3-5 [120-25
/9 5-10 mm >25

Sot

2°S
L

1996 -90m-)

<=1 E810-15
1-3 715-20
3-5 [£120-25
5-10 =8 >25

4°s
'

T T
78°W 76°W

T
80°W

Fig.7 Analysis of the scaling procedure proposed by Borrelli et al.
(2017) based on the SRTM database. a Calculation of the LS-Factor
by means of the initial scaling of the DEM to 4 km and the subse-
quent application of the SAGA module. b Calculation of the LS-Fac-
tor by applying the SAGA module to the original 90 m DEM and its

much more efficient (maintaining more information after the
pixel size change) by means of application of Desmet and
Govers (1996) for the individual calculation of L-Factor and
the approach of Renard et al. (1996) based on McCool et al.
(1987) for the individual calculation of the S-Factor, main-
tains high values (for the conditions of the Ecuadorian ter-
ritory) that possibly should be eliminated when generating
the erosion rates through the RUSLE approach. Regarding
the simplified and automated calculation process of SAGA
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(Desmet and Govers 1996) used directly to obtain the LS-
Factor and its subsequent scaling to a spatial resolution of
study, it can be very useful in particular situations, in addi-
tion to being fast and simple to apply.

It is recommended to apply the conventional scaling pro-
cedure before the calculation process for sectors where the
elevations and slopes are less pronounced (more homogene-
ous), due to the better representation of the results (and the
less appearance of pixels with offset values). On the other
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hand, for areas similar to those of Ecuador (where the pres-
ence of the Andes Mountains conditions the topography of
the landscape and generates very high values), the simplified
methodology can also be useful, since it mainly eliminates
the pixels with more distant values and that can generate
results outside the normal ranges of soil erosion when apply-
ing the RUSLE model.

Conclusions

The distribution of the LS-Factor and the sensitivity of
DEMs spatial resolution in the calculation of their magni-
tudes at the national scale in Ecuador were evaluated for
the first time. The gradient of the slope was the factor with
the greatest influence on the LS-Factor results, identifying
greater magnitudes in the Andes Mountains and in certain
sections of the ECBs close to the Pacific Ocean (location
of small coastal mountains). The influence of DEMs spa-
tial resolution in the LS-Factor calculation showed very
interesting and contrasting results. Finer resolutions made
it possible to correctly identify the drainage networks, which
correspond very well to their topography. At national scale,
finer resolution of SRTM (30 m) showed much more reli-
able results relative to the coarser scale of the HydroSHEDS
(1 km). At basin scale, it was expected that a finer resolution
also presents better approximations of the LS-Factor. How-
ever, the finest resolution of analysis at basin level, which
corresponds to ALOS PALSAR DEMs (12.5 m), presented
limitations in their estimates. This finer resolution generated
problems when estimating the channel widths of the basins,
especially in the secondary branches, diluting results with
the surrounding pixels. The statistical approaches allowed
to identify a better linear agreement and a lower error of the
satellite estimates between SRTM and HydroSHEDS when
these were modified to a common scale of 4 km (R*=0.90;
RMSE =4.32) in relation to a scaling of 1 km (R*>=0.84;
RMSE =6.86) at a per-pixel level. It was determined that
SRTM DEMs database (30 m) was the most adequate to
estimate the LS-Factor, allowing to obtain better approxi-
mations of soil erosion rates through the application of the
RUSLE model. Even when its spatial resolutions are modi-
fied to a larger scale (4 km), SRTM was shown to hold more
information compared to HydroSHEDS. As an alternative
methodology, the calculation of the LS-Factor at an original
scale of 90 m using the SAGA algorithm (Desmet & Govers
1996) and its subsequent scaling to the spatial resolution
of the study (4 km) can be very useful for particular study
areas such as Ecuador, where the topography is conditioned
by the presence of the Andes Mountains. This alternative
methodology was shown to correctly represent low values
and eliminate high values that are out of phase. These results
make it possible to improve the spatial models of soil loss

due to rainfall erosion, establishing more appropriate meas-
ures for water and soil conservation and management, dis-
aster control, agricultural protection, and other applications
in Ecuador.
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